Introduction
The X2CrNi18-09 Austenitic Stainless Steel (ASS) is an alloy having strategic qualities represented essentially by a good resistance to corrosion and formability along with numerous non-magnetic properties. All these characteristics qualify this type of steel for interesting applications in diverse engineering fields (i.e. chemical equipment, food processing, pressure vessels, cryogenic tanks, paper industry, etc.). However, machining this type of material is more difficult than other steels due of its great tensile strength, its important rate of work hardening, its significant ductility along with its little thermal conduction and its significant tendency of the built-up edge (BUE) formation.
Various investigations aiming to optimize the machinability of this type of material have been performed. I. Korkut et. al. [1] studied the influence of the cutting speed on both the wear of the tool and the surface roughness when turning ASSX2CrNi18-09 using cemented carbide cutting tools. A reduction in tool wear was witnessed when the cutting speed is increased to 180 m/min. Surface roughness Ra represented by its arithmetical mean deviation was found to decrease with the increase of the cutting speed. Therefore, a correlation was performed between the surface roughness, the tool wear and the chips collected at three speeds of cutting represented by 120m/min, 150m/min and 180m/min. Using the L27 rectangular batch Taguchi design process, S. Nayak, et. al. [2] examined the impact of machining parameters on material removal rate, cutting force and surface roughness during dry machining of X2CrNi18-09 austenitic stainless steel. The Grey relational analysis (GRA) was applied to enhance the parameters related to machining during turning operation. A confirmatory test was performed to back up the findings and an 88.78% improvement was observed. A. Hamdan et. al. [3] applied the Taguchi statistical method with the objective of optimizing the parameters related to large velocity machining of stainless steel employing coated carbide tool. The common rectangular array of L9 (3 4 ) was employed, and the results were analyzed for the optimization process using both the ratio of signal to noise S/N response analysis and Pareto ANOVA. The feed rate f was identified as more significant than the cutting speed Vc and the depth of cut ap, while the lubrication mode did not show any statistical significance.
Using the Taguchi method, P. Selvaraj et. al. [4] took on to optimize the parameters related to dry turning of two distinct levels of nitrogen alloyed duplex stainless steel.
The results achieved demonstrated the feed rate as the dominating parameter affecting the surface roughness and the cutting force Fc, while the cutting speed showed a significant impact on tool wear. Furthermore, it was demonstrated that the lubricating mode can have significant impact on the indicators related to cutting performance. A. Xavior et. al. [5] investigated the impact of coconut oil on both tool wear and surface roughness while turning X2CrNi18-09 with a carbide tool. They observed that the coconut oil showed better performances than the other cutting fluids as it reduces the wear while improving the surface finish. The optimization of the cutting speed and feed rate with the objective of obtaining favorable performance characteristics was moreover recently reported by numerous researchers i.e. S. Kalidass et. al. [6] , M. Rao and K. Venkata Subbaiah [7] and A. Kulkarni et al. [8] . An interesting review was performed by S. Chinchanikar et. al. [9] and Kribes et. al. [10] concerning hardened steel machining.
Most of these studies, interested in evaluating the machining performances involving the roughness of surfaces, the life of the tools, the cutting forces and the morphology of the chip when machining hardened steel with diverse harnesses using coated carbide tools, have shown the benefits of combining a low feed rate and depth of cut with great cutting speeds.
Moreover, the experimental investigations show the influence of the depth of cut and the work piece hardness on the components of the cutting force. However, the work piece hardness and the feed rate are found to be statistically significant on the surface roughness. P. Selvaraj et. al. [11] studied the surface roughness while dry turning X2CrNi18-09 ASS operated by TiC (Titanium Carbide) and TiCN (Titanium Carbonitride) coated tungsten carbide cutting tools. They concluded that feed rate was the most impacting parameter over the surface roughness along with the cutting speed and the depth of cut.
In their investigations concerning dry turning using coated carbide tools on duplex stainless steel while applying the RSM method (Response Surface Methodology), M. Krolczyk et. al. [12] observed that the feed rate was the principal factor influencing the surface roughness. P. Selvaraj et. al. [13] investigated the level of influence of the parameters related to machining represented by the spindle speed, the depth of cut in the axial direction, the feed rate on the surface roughness while end milling the duplex stainless steel through the application of the RSM by the prediction equation derived. They concluded that the feed rate is the most significant factor influencing the surface roughness, followed by the depth of cut in the axial direction and the spindle speed. With the objective of minimizing the surface roughness while dry turning the X2CrNi18-09 stainless steel, S. Waychal et. al. [14] identified the optima of the operation parameters represented by the cutting speed and the depth of cut as the most impacting factors on the surface roughness. Subsequently, the better surface finish was found at lower feed rates and large cutting speeds. K. SenthilKumar et. al. [15] investigated the machining performance indicators represented by the tool wear, surface roughness, cutting zone temperature and force during hard turning of super duplex stainless steel using uncoated carbide tool. Their experimental results showed that the feed rate is the most dominating factor that influences the surface roughness, while the cutting zone temperature and the force act along the 'x' axis. The tool wear was further demonstrated to be highly influenced by the depth of cut.
In the present study, a model based on RSM is used to derive a relationship linking the three cutting parameters Vc, f, and ap and the cutting performance characterized by the surface roughness Ra, the cutting force Fc, the specific cutting force Kc and the cutting power Pc while turning the X2CrNi18-09 ASS. The results achieved were analyzed and optimized using the desirability method.
A complementary confirmation test is performed to evaluate the predicted models.
Experimental procedure

Experimental setup
The experiment was performed using the lathe 'TOS TRENCIN; model SN40C' that develops a spindle power of 6.6 kW and a maximum spindle speed of 2000 rpm. The insert used for cutting was a SANDVIK "Ti(C, N)/Al2O3/TiN" CVD (Chemical Vapor Deposition) multilayer coated carbide referenced as GC2015 (SNMG 12-04-08-MF) [16] . The inserts used for cutting were secured on a tool holder designed PSBNR25x25M12. The workpiece adopted is X2CrNi18-09 ASS with chemical composition (0.02% C, 16.91% Cr, 7.69% Ni, 0.33% Si, 1.44% Mn, 0.41% Mo, 72.10% Fe and 1.1% other components). Its dimensions are 100 mm and 350 mm in diameter and length respectively.
The mechanical and physical properties of the workpiece are summarized in Table 1 .
The three different components of forces represented by the cutting force Fc, the feed force Fa and the thrust Fr were measured using a piezoelectric dynamometer (Kistler, model 9121) represented in Fig.1 . The measurements were monitored continuously, and recorded in a charge amplifier (model 5019) having three channels. A two-dimensional roughness meter (MitutoyoSurftest-201) was employed for the measurement of the surface roughness Ra, in a direction parallel to the workpiece axis, according to an examination length of 4 mm with a cut-off of 0.8 mm and a measured range of 0.05-40 µm. To achieve more accuracy and eliminate errors, all the roughness measurements were obtained directly on the same machine without dismantling the workpiece.
Tool flank wear was evaluated by a binocular microscope (Visual Gage 250) equipped with Visual Gage 2.2.0 software. Moreover, and to better visualize the roughness of the machined surfaces, an AltiSurf ® 500 optical metrology device with a dynamic range of 50nm-300μm was also used. It allows a fine study of the 3D topography of surfaces machined.
The other aspects of machinability such as specific cutting force Kc and cutting power Pc are calculated regarding the obtained cutting force by application of Eqs. (1) and (2) . The material removal rate (MRR) can also be computed using Eq. (3).
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where: Kc is the specific cutting force, N/mm 2 ; Fc is the cutting force, N; S is the plane area of shear, mm 2 ; Pc is the cutting power, W; MRR is the material removal rate, cm 3 /min; f is the feed rate; ap is the depth of cut and Vc is the cutting speed.
Response surface methodology
The RSM is a combination of statistical and math-ematical techniques applied for the development of mathematical models for analysis and optimization. It was favourably implemented for predicting and optimizing cutting parameters by S. Mukherjee et. al. [17] and P. G. Benardos et. al. [18] .
In this study, the RSM is applied to obtaining the machinability performances of Ra, Fc, Kc, and Pc with the three principal machining parameters represented by f, Vc and ap. The relationship linking the three independent input variables and the output φ is given as:
where: φ is the desired response and f the response surface; eij is representing the error. The approximation of the output φ is performed by a fitted second-order polynomial regression, the quadratic model is expressed as:
where: ao represents a constant; ai, aii, and aij represent the coefficients of linear; quadratic and cross product terms respectively. Xi, Xj are the levels assigned to the factors (i and j).
Design of experiments
The design of experiments is a standard tool to conducting procedures in an optimum way with the objective of investigating the response of the process parameters on the output one. In the present case, L27 (3 13 ) Taguchi standard rectangular array is adopted as the experimental design procedure for developing an RSM based mathematical approach. This plan possesses 27 rows and 13 columns [19] .
Three levels are designated for each factor, and the ranges of the selected one are established according to various preliminary tests. The factors applied in the present investigation and their levels are illustrated in Table 2 . The experimental parameters and their corresponding responses are displayed in Table 3 . Its first column is assigned to Vc, the second to f, and the third to ap. The results gathered for Ra and Fc are displayed in the fourth and fifth columns. The sixth and seventh columns are assigned to Kc and Pc respectively, while the last column is committed to the metal removal rate (MRR).
Results and discussion
The influence of the cutting conditions on Ra, Fc, Kc, Pc and MRR obtained from the turning of ASS X2CrNi18-09 are displayed in Table 4 . They are discussed in the three following paragraphs related to variance analysis, the equation of regression for various responses, and the response surface analysis. The results obtained were analysed using the Design-expert 9 statistical analysis software.
Analyse of variance
Tables 4 to 7 present the results pertaining to the application of ANOVA for Ra, Fc, Kc and Pc. Moreover, the same tables also show the degrees of freedom (DF), sums of square (SS), mean of square (MS), F-values and Pvalues. The ratio of contribution of the different factors (Cont.%) and their interactions are also displayed. The purpose is to analyse the impact of the cutting parameters (Vc, f and ap) on the different cutting outputs represented by Ra, Fc, Kc, and Pc. The P-value represents a statistical index employed in the ANOVA method. A lower value of the Pvalue indicates the significance of the tested parameter (considered when P-value < 0.05). In this study, cutting parameters that possess a P-value below 0.05 will be considered as significant. Therefore, it seems important to investigate the effect of each cutting condition on the machining characteristics.
ANOVA results displayed in Table 4 show that the feed rate is the most influential factor affecting Ra. Similar results were reported by Bouzid et. al. [20] and Berkani et. al. [21] . Its contribution achieves 89.69% while that of the interaction f 2 is 3.02%. The cutting speed and depth of cut were considered insignificant as their contributions were respectively recorded as 0.41% and 0.02%.
The impact of the cutting conditions on the cutting force shows that the cutting speed displays a small effect compared to that of both the feed rate and the depth of cut. This is clearly shown in the ANOVA analysis results displayed in Table 5 . Moreover, the depth of cut and the feed rate display contribution ratios of 46.46% and 39.04% respectively, while that of the cutting speed reaches only 1.52%.
The ANOVA results concerning the specific cutting force and the cutting power are displayed in Tables 6  and 7 respectively. Table 6 clearly shows that the feed rate develops a significant influence on the specific cutting force with a contribution of 38.47%, the depth of cut comes second with (16.43%) followed by the cutting speed (7.89%). However, and from the results displayed in Table 7 , the cutting speed is the most important parameter affecting the cutting power with a contribution of 39.32%. It is followed by the depth of cut with a contribution of 27.50% and finally the feed rate with 23.18%. The depth of cut with a contribution of 27.50% and the feed rate with 23.18% come last.
Regression equation for the various responses
The functional relationships combining the dependent variables Ra, Fc, Kc and Pc to the investigated independent variables Vc,f and ap are developed and united through the correlation coefficients R 2 which represent the regression accuracy. The different quadratic models obtained from the statistical analysis are used to predicting the Ra, Fc, Kc and Pc in view of the parameters investigated. The models, their determination coefficients and diverse cutting parameters are expressed by Eqs. (6) to (9) . 
The probability illustrations of the predicted responses for Ra, Fc, Kc and Pc are displayed in Figs. 2, a to 2, d respectively. The data are found to closely follow a straight line. The null hypothesis indicates that the data distribution law is normal, while the alternative one means it is abnormal. The P-value being greater than that of the degree of significance (a=0.05), the null hypothesis is acknowledged which leads to consider the data as following a normal distribution. Figs. 3 and 4 compare the results of the measured and predicted results pertaining to Ra and Fc respectively. The analogy of the results leads to confirm that the models proposed are adequate.
Responses surface analysis
Surface roughness
The surface roughness estimated response surfaces with respect to the cutting parameters Vc, f and ap are shown in Fig. 5 . They show the feed rate as the most important parameter that influences the machined surface. It is noticed that with a low feed rate, the surface machined develops a better quality of surface. The same results have been reported by Z. Hessainia et. al. [22] and M.Y. Noordin et. al. [23] . Low cutting speeds may lead to high surface roughness because of the presence of built up edge (Fig. 6 , b) on the rake face, and this is the consequence of the high ductility of ASS as reported by H. Gökkaya [24] and J. Paro et. al. [25] .
The increase in surface roughness with that of the cutting speed may be the result of the presence of microwelds on the surface machined because of the high temperatures in the cutting zone and the breaking of BUE (Fig. 6,  a) . Moreover, this increase may be the consequence of the cutting tool nose whose wears increases thus leading to a poor surface finish as reported by E. Ezugwu et. al. [26] . X2CrNi18-09 great surface roughness results illustrate the high ductility nature of ASS that increases the trend to build a large and unstable BUE, producing a poor surface finish [27] .
The continuous friction at the interface tool/chip increases the temperature. Consequently, and because of both the high ductility and deformation modulus of materials such as X2CrNi18-09, it can stick on either the tool beak or the rake face generating BUE or micro-welding spots.
Tangential cutting force
The 3D surface plot displayed in Fig. 7 exhibits the cutting parameters impact on the cutting force. The variation of this latter with the cutting conditions is linear, increasing with both the feed rate and the depth of cut. This behavior is the result of the increase of the ship section [28] . Furthermore, Fig. 7 shows the feed rate as having a small influence on Fc compared to that of the depth of cut, confirming the results developed previously by the ANOVA application. Moreover, the impact of Vc on the Fc is weak. Indeed, the 6 This is a consequence of the chip remaining large times in the tool rake face that leads to an increase of the contact tool-chip length which in turn raises the friction between ends of the chip with the tool resulting in higher forces.
Power and specific cutting force
The variation of the power with the various cutting parameters (Fig. 8) shows that the power increases with the diverse cutting parameters. It looks clear from the surface plots that ap is the preponderant parameter affecting Pc as it raises with the tangential force. The impact of the considered cutting parameters Vc, f and ap on Kc is displayed in Fig. 9 . It may be noticed that the feed rate affects considerably Kc as it reduces while f increases as reported by J. Kaczmarek [30] . Moreover, the growth of the feed rate generates higher friction between the material being removed and the cutting tool. It looks clear from the analysis illustrated in Fig.9 that higher cutting speeds along with high feed rates lead to a reduction of the cutting force and consequently that of the specific cutting force. This is the result of the heat generation produced by the tool-chip friction within the range of the cutting speed, and is the consequence of the low thermal conductivity of the steel X2CrNi18-09 represented in Table 1. Fig. 10 represents the variation of MRR expressed in Eq. (3) at different cutting conditions. The MRR is seen increasing with the cutting parameters Vc, f and ap. In this case, the ap is the most important parameter affecting MRR, followed by the feed rate and finally the cutting speed. The depth of cut being generally limited by the couple of toolworkpiece, its reaching the highest permitted level leads the feed rate to become the MMR most influencing parameter. 
Material removal rate
Confirmation tests
In order to validate the mathematical models obtained through the application of Eqs. (6) to (9) , confirmation tests were performed for Ra, Fc, Kc and Pc. The cutting parameters adopted in the confirmation tests of turning are displayed in Table 8 while the results gathered are shown in Fig.11 where a comparison of the predicted values resulting from the application of the model developed and the experimental data is performed. The results displayed in Fig. 11 show the predicted error varying between a maximum of 4.48% and a minimum of 0.45% for Ra. The same errors are found to vary between 7.86% and 2.84% for Fc, 6.93% and 0.35% for Kc, and 14.06% and 3.4 8% for Pc. Consequently, the Eqs. applied (6), (7) , (8) and (9) can be considered as correlating the development of Ra, Fc, Kc and Pc with the cutting parameters with a reasonable degree of approximation (Fig. 11) .
In addition to the results concerning the surface roughness shown in Fig. 11 , a non-contact three-dimensional white-light interferometer (Altisurf 500) with a sensor having a dynamic range of 50 nm-300 μm was employed to investigate the surface topography. Fig. 11 Errors between predicted and experimental results Fig. 12 shows the 3D surface roughness profiles after machining with various cutting speeds and feed rates. For a high feed rate corresponding to f= 0.20 mm/rev, the shape of the profile is periodical with well-defined peaks and valleys. The spacing between two peaks is found equal to the feed rate (Fig. 12, b and c) . Similar results were reported by [32] [33] [34] [35] where the surface roughness Ra is greater than that of the surfaces machined with low feed rates (Fig. 12, a and d) where corrugations and surface roughness Ra are small.
Multi response optimizations
The desirability function is extensively used in the industry for the optimization of multiple response processes. Diverse desirability functions were proposed by G. Derringer and R. Suich [36] .
The present investigation applied the RSM desirability function optimization for Ra, Fc, Kc, Pc and MRR. The main goal was to finding out the optimal values for the cutting parameters that minimize the surface roughness (quality optimization) while simultaneously maximize MRR Table 10 shows the optimization constraints for the above-cited cutting parameters. As displayed in Table 9 , three configurations are investigated. The first one concerns the quality optimization recommended for achieving an improved surface quality and reduced productivity with a desirability of (1). The second configuration is represented by the optimization of productivity that should drive to boost productivity but and unfortunately loses surface quality with a desirability of (1). The last configuration deals with an arrangement between the surface quality and the productivity, and this is what essentially interests the actual research as it puts together best surface quality and maximum productivity. With this goal in mind, the optimum cutting parameters obtained are defined by a cutting speed of 350 m/min, a feed rate of 0.088 mm/rev and a depth of cut of 0.9 mm. The optimized parameters Ra, Fc and MRR are equal to 1.097 µm, 187.537 N, and 27.577 cm 3 /min respectively. Table 10 summarizes the results for each type of optimization.
The graphic ramp functions for Ra and MRR overall desirability is illustrated in Fig. 13 with the red dots Using bars, Fig. 15 plots the desirability for the cutting conditions and the responses together with a combined desirability of 0.727. Fig. 15 Bar graph of desirability (multi-objective)
Evolution of flank wear and roughness as a function of time
Flank wear VB is an important measurement of cutting tools life. It is usually seen at the front face of the cutting inserts.
The investigation of the evolution of the flank wear and surface roughness Ra as a function of time needed carrying out long-term tests on workpiece of length L=400 mm with the same feed rate, the same depth of cut and different cutting speeds. At Vc = 280 m/min, the chip obtained is found to be long and the developed wear exhibits a band on the surface of the tool (Fig. 17) . The tool life of the carbide GC 2015 is found to last 44 minutes. At Vc= 330 m/min, the carbide coating GC2015 detaches quickly due to the high temperature in the cutting area ( Fig. 18) . A tool life of 24 minutes was recorded for the GC2015 carbide at an admissible wear of VB =0.3 mm. Fig. 19 shows the evolution of the machined surface roughness in terms of cutting time for the GC2015. Roughness curves are found to be almost identical to those of the flank wear, and this shows the relationship of this latter to the cutting time. As the machining time increases, the friction also increases giving birth to the diverse wear mechanisms that lead to the degradation of the machined surface.
Fig. 19 Evolution of the roughness as a function of time
At the cutting speed Vc = 280 m/min, the increase in flank wear introduces a deterioration of the surface condition leading to the sticking of the micro-welds on the machined surface of the workpiece (Fig. 6 ). For the admissible flank wear VB= 0.3 mm, the tool life of GC2015 is noticed at t = 44 min and Ra = 1.7 μm. At the end of the machining operation that corresponds to a time of 60 minutes and a flank wear of 0.51 mm, the roughness is found to be Ra = 2.90 μm.
At Vc= 330m/min, the increase in flank wear leads to an increase in roughness criteria. For a flank wear of 0.3 mm (which corresponds to a tool life t=24 min), the Ra value is 1.8 μm. At the end of the machining (for a time of 28 minutes) and a flank wear of 0.45 mm, Ra reaches 1.97 μm.
Conclusions
The optimization of the machinability and part quality has been investigated for the coated carbide tools turning of the X2CrNi18-09 stainless steel. The results achieved led to the following conclusions:
The analysis proved that the feed rate is the most important parameter influencing the surface roughness with an 89.69% contribution in the total model variability. The cutting speed and the depth of cut follow with contributions of 0.41% and 0.02% respectively. The cutting force was highly affected by the depth of cut. Its contribution was 46.46%followed by the feed rate (39.04%).
The cutting force was highly influenced by the depth of cut. Its contribution was 46.46% followed by the feed rate (39.04%). The cutting speed develops a small contribution (1.52%). Initially, the cutting force increases with both the depth of cut and the feed rate to decrease later when the cutting speed increases. This reduction is probably a consequence of the development of the temperature in the cutting zone that leads to the mollifying of the workpiece.
The feed rate develops the highest influence on the specific cutting force achieved with a contribution of 38.47% followed by the depth of cut (16.43%) and finally the cutting speed (7.89%). At high cutting speeds and low feed rate, the cutting force is found smaller which leads to the reduction of the specific cutting force.
The cutting speed is the parameter most affecting the power with a contribution of 39.32%, while the depth of cut develops 27.50% and the feed rate 23.18%. The development of the parameters under investigation leads that of the cutting power required to perform the machining operations.
The confirmation tests demonstrate that the error related to surface roughness Ra reaches a maximum of 4.48% and a minimum of 0.45% for the cutting force Fc optima of 7.86% and 2.84%, the specific cutting force Kc optima of 6.93% and 0.35%, and for the cutting power Pc optima of 14.06% and 3.48%.
The response optimization shows that a maximum quality leads to an important productivity loss and viceversa. To overcome this problem, a compromise is required between part quality and productivity. The optimal cutting parameters that combine best quality along with best productivity are found to be Vc=350 m/min, f=0.088 mm/rev, and ap=0.9 mm.
The flank wear of the CVD-coated carbide tool (GC2015).is found to increase with both cutting speed and cutting time. The results show that a higher tool life (t=44 min witch give a roughness Ra =1.70 µm) is observed at Vc=280 m/min, f=0.08 mm/rev and ap=0.2 mm.
At low cutting speeds, the formation of micro weld is noticed, resulting in a deterioration of the roughness of the workpiece surface.
The influence of the feed rate on surface roughness can be visualised by the 3D topographic map of the machined surface.
DRY TURNING OF X2CRNI18-09 USING COATED CARBIDE TOOLS: MODELLING AND OPTIMIZATION OF MULTIPLE PERFORMANCE CHARACTERISTICS S u m m a r y
The present paper investigates the cutting parameters pertaining to the turning of X2CrNi18-09 austenitic stainless steel that are studied and optimized using both RSM and desirability approaches. The cutting tool inserts used are the CVD coated carbide. The cutting speed, the feed rate and the depth of cut represent the main machining parameters considered. Their influence on the surface roughness and the cutting force are further investigated using the ANOVA method. The results obtained lead to conclude that the feed rate is the surface roughness highest influencing parameter with a contribution of 89.69%. The depth of cut and the feed rate are further identified as the most important parameters affecting the cutting force with contributions of 46.46% and 39.04% respectively.
The quadratic mathematical models presenting the progression of the surface roughness and the cutting force and based on the machining parameters considered (cutting speed, feed rate and depth of cut) were obtained through the application of the RSM method. They are presented and compared to the experimental results. Good agreement is found between the two sections of the investigation. Furthermore, the flank wear of the CVD-coated carbide tool (GC2015) is found to increase with both cutting speed and cutting time. A higher tool life represented by t=44 min is observed at cutting speed, feed rate and depth of cut of 280 m/min, 0.08 mm/rev and 0.2 mm respectively. Moreover, and at low cutting speeds, the formation of micro weld is noticed and leads to an alteration of the surface roughness of the work piece.
Finally, optimizing the machining parameters with the objective of achieving an improved surface roughness was accomplished through the application of the Desirability Function approach. This enabled to finding out the optimal parameters for maximal material removal rate and best surface quality for a cutting speed of 350 m/min, a feed rate of 0.088 mm/rev and a depth of cut of 0.9 mm. Keywords: machinability; austenitic stainless steel; CVD coated carbide tool; ANOVA; RSM; desirability approach.
